We evaluated the current concentrations of radiocesium in local foods collected in Kawauchi Village, which is located less than 30 km from Fukushima Daiichi Nuclear Power Station, to minimize public anxiety regarding internal radiation exposure through the consumption of locally produced foods after the 2011 Fukushima accident. The number of samples exceeding the regulatory radiocesium limit (100 Bq/kg for general foods) was five out of 4,080 vegetables (0.1%), 652 of 1,986 (32.8%) among edible wild plants and fungi, and eight of 647 (1.2%) in fruits. Our study confirmed that the internal radiation doses of ingesting these foods are acceptably low compared to the public dose limit, ranging from 24.4 to 42.7 μSv for males and from 21.7 to 43.4 μSv for females, although the potential for radiation exposure still exists. Long-term comprehensive follow-up should take place to clarify trends in radiocesium concentrations in local foods and the committed effective doses found in Fukushimaarea residents. By constructing a system that allows residents to access information on radiocesium concentration in foods, a risk communication model between specialists and residents could be developed in the recovery phase after the Fukushima accident.
Scientific RepoRts | 6:28470 | DOI: 10.1038/srep28470
in December 2011 and that radiation doses were found to be at comparatively low levels 5 . Since this declaration, the village office has been working steadily towards reconstruction. However, even though four years have now passed since return was authorized (and five since the accident), only about 60% of pre-accident population has returned. One reason that some residents have chosen not to return to the village is anxiety regarding radiation exposure 6 , especially the risks of internal exposure through the consumption of locally produced foods 7 . Recently, we evaluated the radiocesium concentrations in wild fungi collected at Kawauchi Village and found that radiocesium is often detectable 8 . On the other hand, radiocesium concentrations in other local samples should be also evaluated for food safety policy in Fukushima. Therefore, we examined the current concentrations of radiocesium in local food samples collected in the village and evaluated the internal effective doses of local residents.
Results
The summary of radioactive contaminants in the surveyed foods is shown in Table 1 . The number of samples exceeding the radiocesium regulatory limit (100 Bq/kg for general foods) is five (0.1%) for vegetables, 652 (32.8%) for edible wild plants and fungi, and eight (1.2%) for fruits.
The distribution of radiocesium in vegetables, edible wild plants and fungi, and fruits in Kawauchi Village is shown in Table 2 . The radiocesium concentrations for all the samples reflected an extremely wide range in every Cs. The committed effective doses from these agricultural products are summarized in Table 3 . The committed effective doses ranged from 2.61 to 7.08 μ Sv for males and from 2.94 to 7.61 μ Sv for females, and from 1.88 to 5.75 μ Sv for male children and from 1.95 to 5.15 μ Sv for female children due to the ingestion of vegetables. The ingestion of edible wild plants and fungi led to ranges from 0.12 to 11.94 μ Sv for males and from 0.17 to 10.15 μ Sv for females and from 0.04 to 4.57 μ Sv for male children and from 0.50 to 7.77 μ Sv for female children. Finally, eating fruits led to a range of 0.25 to 1.65 μ Sv for males and from 0.50 to 1.65 μ Sv for females and from 0.55 to 1.64 μ Sv for male children and from 0.59 to 1.61 μ Sv for female children. The committed effective doses ranged from 24.4 to 42.7 μ Sv for all males and from 21.7 to 43.4 μ Sv for all females due to ingestion of the three food groups combined (Fig. 2) .
Discussion
The present study shows that radiocesium exceeding the current regulation value of radionuclides for foods (> 100 Bq/kg) was detected in five of 4,080 (0.1%) vegetables and eight of 647 (1.2%) fruits collected in Kawauchi Village. Immediately after the accident, the Government of Japan established provisional regulation values for 131 I (300 Bq/kg for drinking water and milk and 2,000 Bq/kg for vegetables) and 134 
Cs and 137
Cs (200 Bq/kg for drinking water and milk and 500 Bq/kg for vegetables, grains, meats, fish, and eggs), and issued an order to restrict the shipment of food products exceeding these provisional values. Soon after, 131 I exceeding provisional levels was detected in fresh cow milk, cultivated green leafy vegetables, and tapwater 9 , and foods that exceeded the provisional values were removed from the market 8, 10, 11 . Five years have passed since the accident, and the concentration of radionuclides in food has decreased overall 12 . The Ministry of Health, Labour and Welfare (MHLW) has monitored radiocesium in foods since March 2011, using Ge semiconductor detectors or NaI scintillation detectors. They collected 16,712 vegetables and 3,302 fruits in Fukushima and its surrounding prefecture between April 2014 and March 2015, demonstrating that radiocesium exceeding the regulation values was not detected 13 . In Kawauchi Village, the decontamination of residential areas and agricultural land has been underway since mid-2011, in accordance with the technical guidelines for decontamination developed by the Ministry of the Environment 14 . The top 5 cm of soil in which radiocesium was concentrated has either been completely removed or mixed with non-contaminated subsurface soil during tillage of agricultural lands. Forests within a 20-m radius from residential houses and agricultural lands have been decontaminated though the removal of branches, fallen leaves, and leaf mold 14 . Owing to these steps, substantial amounts of radiocesium have been removed from the area, contributing to the decrease of ambient dose rates. The current ambient dose of Kawauchi Village is 0.085 μSv/hour (May 5, 2016), whereas the highest ambient dose during the accident was 1.5 μ Sv/hour (March 15, 2011). Previously, we had evaluated the external radiation doses of residents who had temporally stayed in areas within a 20-km zone of the village and had estimated that the median annual dose was 1350 μ Sv/year 15 . These results suggest that the external exposure from living in Kawauchi Village is limited.
Our results showed that the radiocesium concentrations in edible wild plants and fungi were notably higher than in fruits and vegetables. Hoshi et al. reported that children consuming fungi showed a high 137 Cs body burden near the plant 16 . It is well known that after the accident at the Chernobyl Nuclear Power Plant, wild fungi could be an important contributor to 137 Cs body burdens, due to their capacity to accumulate 137 Cs, and that certain population groups showed relatively high internal exposure due to intakes of such foodstuffs 17 . Since the accident at FDNPS, decontamination in the forests beyond a 20-m radius from residential houses has not been conducted 10 , leading to the relatively high concentrations of radiocesium in edible wild plants and fungi. b Committed effective doses from vegetables, edible wild plants and mushrooms, and fruits due to radiocesium in Kawauchi Village (μ Sv/3 months). The range of average intake for vegetables is 179-517 g (minimum -maximum), for edible wild plants and fungi is 1-40 g, and for fruits is 1-178 g based on the information issued by the Environmental Radioactivity Monitoring Center of Fukushima, Fukushima Prefecture, Japan, for all age categories. In this study, we showed that the lifetime committed effective doses ranged from 24.4 to 42.7 μ Sv for all males and from 21.7 to 43.4 μ Sv for all females, indicating that the health risk from internal exposure in residents through ingesting agricultural produce is extremely low. We had previously evaluated the committed effective doses from local agricultural samples in Kawauchi Village from May 2012 to March 2013, showing that the estimated doses ranged from 18 to 44 μ Sv/y for males and from 20 to 48 μ Sv/y for females, respectively 6 . Harada et al. also evaluated dietary exposure to radiocesium from a food-duplicate survey in three areas-Kawauchi Village, Tamano, and Haramachi-located between 20 and 50 km from FDNPS in 2012, reporting that the estimated internal dose rates from dietary intake of radiocesium averaged 5.8, 9.0, and 8.8 μ Sv/y in Kawauchi, Tamano, and Haramachi, respectively, while the estimated committed effective doses did not exceed the regulation values (< 10 3 μ Sv/y) 18 . These results show that the risk of internal exposure in Kawauchi Village residents is low since the initial phase of the accident.
Food Type Seasons
Following the Chernobyl accident, it is well known that there was a seasonal difference in Cs body burden due to the seasonal change in diet and that the concentration of Cs body burden was higher in autumn; these results suggest that residents may have consumed products derived from the contaminated forests 17 . In this study, the seasonal change of radiocesium concentrations was observed only in "Edible wild plants and fungi" ( Table 2 ). In spring and summer, most samples of this category are edible wild plants, but in autumn and winter, most samples are fungi. This difference in sample types causes the seasonal change in this category.
Although relatively high proportions of fish (mainly char), game (mainly wild boars), and crops (mainly chestnut) were above the regulatory limit, we excluded them from the analysis for committed effective doses since they were not actually consumed in the village.
Although residents who returned to the area after the accident had a higher likelihood of consuming locally produced vegetables than the general Japanese population, the food supply in those farming areas did not increase exposure to radiocesium because municipalities in Fukushima Prefecture routinely screen food products intended for human consumption.
The present study has several limitations. Our study was conducted only in Kawauchi Village, which might have led to sampling bias. Also, we could not evaluate analytical uncertainties since we had measured each sample only once. We used the average daily intake data of fungi and other foods issued before the accident (2009-2010), but the intake amount of such foods might decrease due to anxiety about the internal radiation exposure in Fukushima. Further comprehensive analyses with detailed reports on all areas around FDNPS are needed.
In conclusion, our study confirmed that the internal radiation doses of ingesting foods are acceptably low compared to the public dose limit, although the potential for radiation exposure still exists. Attention should be paid when consuming foods harvested from forests in order to avoid unnecessary chronic internal exposure. Moreover, long-term comprehensive follow-up should be undertaken to clarify trends in radiocesium concentrations in locally produced foods and the committed effective doses of residents in areas around FDNPS. By constructing a system that enables residents to access information on radiocesium concentration in foods, a risk communication model between specialists and residents could be developed in the recovery phase after the Fukushima accident.
Materials and Methods
Local food samples were collected in Kawauchi Village. A radioactive contaminant survey for foods produced or collected in the village has been carried out by personnel at the village office since May 1, 2012. For this survey, 7,668 food samples produced or collected in the village were collected between April 2013 and December 2014. Of the total collected, 6,713 samples (4,080 vegetables, 1,986 edible wild plants and fungi, and 647 fruit samples) were selected for the current study, because these three items are major dietary components consumed by the residents and thus can be expected to contribute substantially to their internal radiation exposure. In this study, "vegetables" was defined as being grown and harvested from fields, and "wild plants and fungi" were natively grown in the wild. Wild fungi samples collected in this study were completely different samples from which we analyzed in the previous study 8 . The others, such as wild boars, chestnut, pheasants, and river fish, were also collected mainly for the investigation of radioactivity levels, but these samples were excluded from the analysis for committed effective doses because they were not actually consumed.
After preparation, local food samples (approximately 1000 g fresh) were put into plastic containers made of acrylic acid resin to measure the concentrations of 134 Cs and 137 Cs concentrations using an NaI detector (Canberra, CAN-OSP-NAI, AREVA NC Inc., Meridien) coupled to a multichannel analyzer (Genie 2000, Canberra Japan KK., Tokyo, Japan) for 1,800 s. The resolution of the instrument was < 7.5% on 661.64 keV for 137 Cs. ICRP. The committed effective doses caused by the consumption of vegetables, edible wild plants and fungi and fruits were estimated from the radioactive fission product concentration, using the following formula:
where C is the median activity concentration of detected radiocesium (Bq/kg fresh), D int is the dose conversion coefficient for children's intake (ages 0 to 19, 1. 20 . We evaluated the committed effective doses using the following age groups: ages 0 to 12 months, 1 year to 3 years, 3 years to 8 years, 8 years to 13 years, 13 years to 18 years, and adults. In adults, we performed the calculation depending on the age classification and based on the average intake of food for every 10-year division. However, in children, we calculated the minimum and maximum values of the committed effective dose based on the average intake of 20 years to cover all age categories of children because we did not have the data for the average intake of food groups in the 19-years-or-less category.
In this study, we applied the recommendation of the Global Environment Monitoring System-Food Contamination Monitoring and Assessment Programme from the World Health Organization (GEMS/food of WHO), which the Japanese Ministry of Health, Labour and Welfare applied for the establishment of new standard limits for radionuclides in food 21, 22 . In this recommendation, it is outlined that when the detection limit is not shown, 5 Bq/kg should be applied to food groups for which the ratio of "ND" (not detected) is not less than 80%; 10 Bq/kg should be applied to food groups for which the ratio of ND is 60% to 80%; and 20 Bq/kg should be applied to all others. Based on this recommendation, we calculated the committed effective doses, and the values under the radiocesium detection limits were assumed to have activity concentrations corresponding to 5 Bq/kg for vegetables and fruits and the detection limit itself (20 Bq/kg) for edible wild plants and fungi.
